The present study aimed to assess the impact of acute exposure to crude oil, dispersed oil, and dispersant alone on the liver of the rabbit fish (Siganus canaliculatus). Histopathological effects in the liver were observed at different time points (3 to 21 days) and different concentrations (3-100% water accommodated fraction [WAF]) to simulate a range of possible oil pollution events. The main alterations observed in this study include lipid accumulation, necrosis, bile stagnation, megalocytosis, cholangitis, and spongiosis hepatis. The liver of fish exposed to WAF, dispersed oil, or dispersant showed significant histopathologic alterations compared with the control fish (Mann-Whitney U test; p < .01). Reaction pattern indices (circulatory, degenerative, proliferative, and inflammatory changes) of treated fish differed significantly from the control groups. There was a significant correlation between exposure time and the occurrence of most lesions (Spearman correlation; p > .05). The present study indicates that oil pollution can cause important alterations to livers of adult rabbit fish and that the dispersed oil is slightly more toxic than crude oil or dispersant.
INTRODUCTION
Oil pollutants are among the most relevant pollutants to aquatic ecotoxicology (Pacheco and Santos 2002) . Sources of such pollution include oil exploration and production operations, natural seeps, atmospheric input, tanker accidents, and industrial discharge (Wilson and LeBlanc 2000) . Increasing demand for petrochemicals has led to increased concentrations of petroleum hydrocarbons in marine, coastal, and estuarine environments. Approximately five million metric tons of crude and refined oil enter the environment each year from anthropogenic sources, such as oil spills (Edwards, Lepo, and Lewis 2003) . Spill events contribute 12% of the total input of petroleum into the marine environment (Australian Institute of Petroleum 1996) .
Oil pollution in the Arabian Gulf has been estimated to represent approximately 4.7% of the total oil pollution in the world (Madany, Jaffar, and AI-Shirbini 1998) . The Gulf is naturally a highly stressful environment. The turnover and flushing time has been estimated to be approximately 3 to 5 years, indicating that pollutants are likely to reside in the Gulf for a considerable amount of time. The concentrations of petroleum hydrocarbons in the coastal waters of the United Arab Emirates were reported to range from 76 to 180 mg/L (Khan, AI-Ghais, and AI-Marri 1995; Shriadah 2000; Tolosa et al. 2005) . There is a paucity of data on the toxicity of crude oil and dispersants to the local Gulf aquatic species (Agamy 2012) . Only a few studies have measured the concentrations of polyaromatic hydrocarbons in Gulf fish (Krahn et al. 1993; Tolosa et al. 2005) .
Dispersant effectiveness is influenced by several factors, including temperature, salinity, and the nature of the crude oil (Ramachandran et al. 2004; Chandrasekar Sorial, and Weaver. 2005) . The oil dispersal can markedly increase the hydrocarbon concentrations in test solutions as shown by the measured concentrations of polycyclic aromatic hydrocarbons (Lyons et al. 2011) .
Histopathological biomarkers have been widely used in environmental monitoring of fish because these biomarkers allow for the examination of specific target organs, including the gills, kidneys, and liver, that are responsible for vital functions such as respiration, excretion, and the accumulation and biotransformation of xenobiotics within the body of the fish (reviewed in Au 2004; Hinton et al. 2008; Schlenk et al. 2008 ).
Among the teleost fishes, the liver is the primary organ for biotransformation of organic xenobiotics (Health 1995; Hinton Segner, and Braunbeck. 2001) . Therefore, the liver can be studied in environmental monitoring due to its high sensitivity to contaminants (Thophon et al. 2003) , and alterations in its structure can be significant in the evaluation of the health of fish ). There have been numerous reports of histocytopathological changes in the livers of fish exposed to a wide range of organic compounds and heavy metals (Hinton et al. 1992) . Several laboratory and mesocosm studies have also demonstrated causal links between exposure to xenobiotics and the development of toxicopathic hepatic lesions in different fish species Stehr et al. 2003; Johnson et al. 2008 ).
The white-spotted spinefoot, Siganus canaliculatus, is a member of the family Siganidae, commonly known as rabbit fish. It is distributed throughout the Indo-Pacific from the Arabian Gulf to the Indo-Malay region, Western Australia, and north to Hong Kong and Taiwan (Randall 1995) . Adult fish move into shallows with the rising tide to feed on benthic plants. Despite their relatively small size, siganids are generally regarded as good quality food fish, and S. canaliculatus is a commercially important species (Woodland 1984; Grandcourt et al. 2007 ).
Additional information is needed to determine the potential effects of oil spills on fish species in the Gulf. Therefore, the main goal of this study was to investigate the effect of oil contamination on the liver of adult S. canaliculatus as part of a project investigating the impact of oil pollution on economically important fish species of the Gulf. The study included comparison of liver histology between fish exposed to water-accommodated fraction (WAF) of Arabian light crude oil, dispersed crude oil, and dispersant for a period of three weeks. These histological results were compared against the normal liver histology of control fish. The histopathological results were classified to determine the severity of the histological responses as identified by semiquantitative methods.
MATERIAL AND METHODS

Experimental Fish
Three-month-old rabbit fish, S. canaliculatus (10.5 + 0.45 cm in length, 19.8 + 0.5 g in weight), were collected from the stock tanks at the Marine Research Centre in Umm Al Qaiwain, UAE. Fish were allowed to acclimate for 4 days to controlled conditions (i.e., filtered, well aerated, sea water at 29 + 1 C, under a natural photoperiod with 14 hr light and 10 hr darkness) in 100-L polystyrene tanks. Sea water was obtained from the sea and filtered through 5 mm filters. Throughout the acclimatization and experimentation period, fish were fed a daily diet of crushed, locally prepared, pellet-type fish food (protein 66%, fat 6%, ash 25%, and moisture 9%). The exposure experiment was carried out from April to May. Tanks were supplied with filters to control nitrogenous waste.
According to the University of Sharjah research regulations, all research projects dealing with human or animal subjects must be approved in advance by the University research ethics committee. The current project was approved by the committee as complying with the country and university research ethics.
Chemicals
The oil used in this study was Arabian light crude oil obtained from Crescent Petroleum Company, Sharjah, UAE. The oil was stored in a dark, sealed storage bottle before being used to prepare the stock solution. The oil dispersant was also obtained from Crescent Petroleum Company. The dispersant used was Nalfleet Oil Spill Dispersant (Maxi-Clean 2) produced by Nalco Limited, Northwick, England.
Preparation of Stock Solutions
The WAF of crude oil was prepared according to the method described in Gulec, Leonard, and Holdway (1997) by filling a 20 L glass mixing chamber with 15 L of seawater and creating a vortex using a magnetic stirrer. Crude oil was then added at a ratio of 1:9 (oil:seawater). The solution was capped, mixed for 24 hr, and allowed to settle for 1 hr to separate the water and oil phases. The solution underlying the oil phases was isolated via a tap at the bottom of the bottle. This solution represented the crude oil WAF. The dispersed oil WAF was prepared using the same methodology, except that dispersant (Maxi-Clean 2) was added to the floating oil during mixing, at a ratio of 1:30 (dispersant:oil; Gilbert 1996) as recommended by the Crescent Oil Company. The dispersant diluted in sea water was prepared by adding dispersant to seawater at a ratio of 1:270 (dispersant:seawater). New solutions were prepared daily. Serial dilutions were carried out from the stock solutions as required.
Exposure Design
Following acclimatization, fish were transferred to 100 L aquaria at a loading density of 3 to 4 g/L. Fish were held in a temperature-controlled room on a natural photoperiod at a constant 29 + 1 C that is the average water temperature at this time of the year. During the three-week experimental period, survival of fish was monitored daily ( Table 1) .
The fish were exposed to (1) a water-soluble fraction of oil ''WAF'' (simulating natural dispersion), (2) dispersed oil (simulating dispersant application), (3) dispersant alone in seawater (as an internal control of chemically dispersed oil), and to (4) seawater alone (control condition) for 21 days, with three replicates per treatment ( Table 1) . Half of the volume of the test solutions was replaced daily to ensure continuous exposure to petroleum hydrocarbons.
Test Solutions
An initial exploratory test was carried out for WAF, followed by the main experiment. A 96-hr experiment to determine the toxicity range was previously conducted, establishing an LC 50 (lethal concentration) value of 85% WAF stock solution. The WAF stock was diluted to produce the different exposure concentrations. Fish were exposed to nominal concentrations of crude oil in water of 3, 6, 10, 20, 30, 40, 60, 80 , and 100%, with one control group receiving filtered untreated seawater. The dispersed oil stock solution was diluted to produce one exposure solution that is equivalent to 6% WAF as mentioned above. The dispersant stock solution was diluted to give one exposure concentration equivalent to the 6% dispersed WAF, by diluting the dispersant stock solution with sea water at a ratio of 1:270 (dispersant:sea water). Within each exposure group, there were three replicate tanks. Fish were sampled at 3, 6, 9, 12, 15, 18 , and 21 days from the start of exposure. Three fish from each exposure group (and from at least three different tanks) were randomly sampled each time.
Water samples were taken before and after the water changes to check for any unintended changes in water quality parameters. Salinity remained constant at 39 + 0.2 ppt, pH at 8.3 + 0.3, conductivity at 52.6 ls/cm, dissolved oxygen at 6.4 + 0.2 mg/L, and temperature at 29.0 + 1.0 C.
Histological Procedures
The fish were quickly anesthetized (benzocaine, 60mg/L; Sigma) and standard length and body weight were measured. Fish were then killed by decapitation before being dissected. The excised liver was cut into small, 5-mm thick pieces, rinsed in physiological saline, and fixed in 10% neutral buffered formalin. In all cases, fixation was allowed to proceed for 24 hr. Pieces of liver were dehydrated in an ethyl alcohol series of ascending concentrations, embedded in paraffin, and sectioned at 5-mm thickness. The tissue sections were stained with haematoxylin-eosin (HE; Durary and Willington 1976) . Some sections of the liver were also stained by the Periodic Acid Schiff (PAS) method for the detection of hepatocyte glycogen (Mowry 1968 ). Other sections were stained with Masson trichrome to visualize the connective tissue. Frozen samples were stored -70 C after brief fixation in glutaraldehyde until sectioned using cryostat. Frozen sections cut at 10 mm were stained with Sudan black B for general lipid determination. The lesions and tissue alterations were characterized using several slides from each fish. Specimens were coded before being processed for histological examination. Slide examination and scoring were done blindly.
Liver Lesion Classification
Histopathological alterations were evaluated semiquantitatively using a modified version of the protocol described by Bernet et al. (1999) .
The microscopic assessment was done to calculate the percentage of areas exhibiting a specific alteration. Scores (0-6) were assigned based on the percentage for each alteration.
Liver alterations were classified into four major reaction patterns (circulatory, proliferative, degenerative, and inflammatory), each possessing distinctive histological features and affecting specific areas of tissue related to function. In addition, importance factors (ranging from one to three) were given for each alteration as a measure of how these specific alterations might affect fish health (Bernet et al. 1999) , with higher importance factors representing a greater potential for impact on fish health. The importance factor reflects the ability of the alteration to be reversible following removal of the stressor. For instance, degenerative alterations (general necrosis) are given the highest importance factor (three) because they are considered a direct effect of toxicants, they are generally irreversible, and their persistence or progression may lead to a partial or total loss of organ function. Most proliferative alterations are given an importance factor of two as these alterations may or may not be reversible, depending on the severity and extent of the alteration. The circulatory (altered blood flow) alterations were given an importance factor of one as they are easily reversible and may in fact be present only as a result of altered organism metabolic status rather than a direct effect of toxicant exposure.
An index for each alteration (or lesion) was determined as follows:
The reaction pattern index was calculated as the sum of relevant alterations as follows:
These reaction pattern indices were summed to give the total liver pathological index as follows:
where I rp represents the reaction pattern of alterations, Org is the organ (liver), rp is the reaction pattern, alt is the alteration, s is the score value, s Org rp alt is the score value for a specific alteration of a reaction pattern, i is the importance factor, and i Org rp alt is the importance factor for a specific alteration of a reaction pattern.
Statistical Analysis
Statistical differences in histopathological effects between the control group and exposed groups were tested using the nonparametric Mann-Whitney U test and statistical significance was defined as being at the level p < .01. Correlations between histopathological lesions and exposure time were expressed by the nonparametric Spearman rank correlation coefficients. All statistical analyses were carried out using a commercially available statistical software package (JMP, SAS Institute, Cary, NC).
RESULTS
Histopathological Findings
The liver of S. canaliculatus exposed to WAF, dispersed oil, or dispersant showed significantly more severe histopathologic 1130 AGAMY TOXICOLOGIC PATHOLOGY alterations than control fish as indicated by the reaction pattern indexes (Table 2 ) and the total liver index (Table 3) . Reaction patterns (circulatory, degenerative, proliferative, and inflammatory changes) in the exposed groups differed significantly compared with the control group (Mann-Whitney U test, p < .01); however, the inflammatory changes were less significant than other reaction patterns. There was significant correlation between exposure time and the total liver index values or the reaction pattern indexes of the exposed fish (Spearman correlation; p < .05). There was, however, no significant correlation between the exposure time . Severity of the majority of lesions increased until day 15 of exposure and then regeneration was observed in some areas, suggesting that recuperation was still possible, if the contaminant was removed. Fish exposed to dispersed oil showed an increased prevalence and severity of structural alterations, as compared to fish exposed to WAF or dispersant.
Control Liver
The parenchyma of the control livers was primarily composed of polyhedral hepatocytes, typically with central nuclei with densely stained chromatin margins and a prominent nucleolus; hepatocytes were rich with PAS-positive glycogen while some hepatocytes contained vacuoles ( Figure 1B and C). The central veins and bile ducts were randomly dispersed within the liver tissue and varied in size and shape ( Figure  1A) . Bile canaliculi originated between adjacent hepatocytes, and the smaller bile ducts within the liver were lined with a single layer of cuboidal epithelial cells surrounded by a connective tissue layer and a smooth muscle layer ( Figure 1B) . The liver of S. canaliculatus did not have obvious pancreatic tissue in the liver parenchyma. Bile ducts appear as rounded structures with a wall consisting of cuboidal cells surrounded by connective tissue layer and smooth muscle layer ( Figure 1C) . The presence of clear intracytoplasmic lipid vacuoles in hepatocytes was a common feature in control liver. The lipid content was confirmed by using PAS stain for glycogen and Sudan Black for lipids.
Treated Liver
WAF treatment: Compared to the control fish, various histological changes were identified in the livers of the fish exposed to WAF, including microvesicular lipid vacuolation, lipid accumulation, blood vessel congestion, nuclear and cellular degeneration, megalocytosis, karyomegally, bile stagnation, cholangitis, bile duct proliferation, lymphocytic infiltration, and spongiosis hepatis. Both total liver and reaction pattern indices (Table 2 ) and lesion indices were significantly higher in WAF-treated fish than in control fish. However, a few of the observed lesions were not significantly higher, such as melanomacrophage aggregates.
The blood sinusoids were dilated between the cords of hepatocytes after 6 days of exposure to WAF (Figure 2A ). After 9 days of exposure to WAF, there was slight blood congestion in the blood vessels in liver exposed to WAF for 9 days ( Figure 2C ) that continued to increase with the time of exposure. After 12 days of WAF exposure, sinusoidal fibrosis tended to be patchy, with the affected sinusoids lined by variable amounts of fibrillar collagen.
Microvesicular lipid vacuolation was observed at 6 days of exposure to WAF (Figure 2A and B) . At 9 days of WAF exposure, small lipid droplets accumulated in many hepatocytes ( Figure 2C ). The amount of lipid accumulation was both time and concentration dependent; exposure to 6% WAF increases the number and size of lipid vacuoles (Figure 2E) . At 12 days, hepatocytes showed an increase in number of large lipid droplets. The smooth, rounded margins of these vacuoles and their stain with Sudan Black in frozen sections were suggestive of lipids. Exposure to 10% WAF resulted in the formation of large areas of abundant lipids accumulation that can be distinguished from surrounding areas with less lipid accumulation ( Figure  2H and I) .
The necrotic and degenerative hepatocellular conditions were characterized by nuclear pyknosis and karyorrhexis ( Figure 2C) . These changes were observed as early as 6 days of WAF exposure and increased significantly by the time of exposure (Table 2) . Hepatocellular necrosis in exposed fish was usually coagulative. Bile duct necrosis and vacuolation were observed after 6 days of exposure to WAF ( Figure 2C ). 
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Bile stagnation appeared in the vicinity of the blood vessels and was also observed within the hepatocytes by the appearance of intracytoplasmic brownish-green pigments ( Figure 2C ) and become more evident with the time of exposure. Spongiosis hepatis occurred after 15 days of exposure to WAF as spaces were filled with pale eosinophilic material ( Figure 2D ). The spongiotic formations are produced by a network of interconnected perisinusoidal cells and often replaced large areas of the liver parenchyma. An obvious feature of the liver exposed to WAF was hepatocellular megalocytosis and nuclear pleomorphism. Nuclear pleomorphism was observed as early as 9 days of exposure to WAF and was characterized by nuclear enlargement and heterogeneous nuclear shape in affected hepatocytes ( Figure 2B ). Exposure to 6% WAF resulted in hepatocytes with marked nuclear enlargement and moderate cytoplasmic enlargement (Figure 2E-G) . The nuclei were translucent with a prominent nucleolus and the nuclear/cytoplasmic ratio was increased. Binucleated hepatocytes were relatively common ( Figure 2F ). Megalocytosis and pleomorphism increased gradually with exposure time and reached a maximum frequency after 15 days of exposure to WAF (Table 2) . Cholangitis occurred as an accumulation of discrete clusters of lymphocytes around bile ducts ( Figure  2C ).
Proliferative changes included cholangiofibrosis and bile duct proliferation. Cholangiofibrosis was observed, at 15 days of WAF exposure, as an accumulation of fibers around the bile ducts ( Figure 2J ). In some cases, cholangiofibrosis was accompanied by an increase in the bile duct proliferation. Cholangiofibrosis increased in density with the time of WAF exposure ( Table 2) .
After 3 weeks of exposure to WAF, few areas with regenerating hepatocytes were observed ( Figure 2K ). They appeared as Treatment with the dispersed oil: Treatment with the dispersed oil resulted in significant increase of all reaction pattern indices, compared with the control group (Tables 2 and 3) . Effect of dispersed oil exposure was slightly higher than that of WAF or dispersant.
The liver of fish exposed to dispersed oil for 6 days exhibited circulatory disturbances, including blood sinusoid dilation, blood vessel congestion, and fibrosis of blood sinusoids (Figure 3A-C) .
Degenerative changes included large areas of hepatocytes with microvesicular lipid vacuolation and necrosis. The liver architecture was clearly altered. Liver sinusoids were narrowed. A loss of parenchymal cells and several isolated hepatocytes could be observed, causing disintegration of the hepatic structure and a decrease in the hepatic parenchyma density. Bile stagnation was observed. After 9 days of exposure to the dispersed oil, large lipid droplets became more obvious ( Figure 3C ). The bile duct epithelial cells were necrotic and partially vacuolated and cholangitis was represented by the formation of lymphocytic infiltration around the bile duct ( Figure 3E) . Spongiosis hepatis was observed after 15 days of exposure to dispersed oil and was more significant than that of WAF exposure (Table 2) . Megalocytosis was also evident by 9 days of exposure. Blood sinusoidal fibrosis was obvious after 9 days of exposure ( Figure 3D ).
Hepatic regeneration with the restoration of the normal hepatic architecture was observed in a few areas of the liver of fish sampled at 21 days.
Treatment with the dispersant: As indicated by indices of the total liver, reaction patterns, and observed lesions, the FIGURE 2.-Liver exposed to WAF. (G) Exposure to 6% WAF for 12 days. Area of hepatocyte necrosis (*) that also contains hepatocytes with enlarged nuclei (arrow) and pyknotic nuclei (arrowhead). HE. 1,200 Â. (H) Exposure to 10% WAF for 9 days resulted in large areas of lipid accumulation (arrow) with round, well-demarcated margins and are distinct from the areas of necrosis (arrowhead) around the bile duct (BD). HE. 400 Â. (I) The lipid accumulation (arrow) with round, well-demarcated margins and are PAS negative. PAS. 400 Â. (J) Cholangiofibrosis represented by the formation of fibroblasts and fibers (arrows) around BD. HE. 600 Â. (K) After exposure to WAF for 21 days, regenerating hepatocytes appear as small and basophilic cells forming small islands of irregular shape. HE. 1,200 Â. Vol. 40, No. 8, 2012 HISTOPATHOLOGICAL CHANGES IN THE LIVERS OF RABBIT FISH dispersant used in the present study had less significant effect on the liver of S. Canaliculatus compared with the exposure to WAF or dispersed oil, except for a few lesions such as hydropic vacuolation and cholangitis (Tables 2 and 3) . Parenchymal cells from the fish exposed to the dispersant for 6 days were swollen, and their cytoplasms appeared clear ( Figure 4A ). Bile duct necrosis and cholangitis, as well as bile stagnation, were obvious effects of the exposure to dispersant ( Figure 4C) . Lipid accumulation was observed after 9 days of exposure ( Figure 4B and Table 2 ).
DISCUSSION
The present study aimed at assessing the impact of exposure to Arabian crude oil, dispersed oil, and dispersant on the liver of S. canaliculatus as an indicator of effect of oil pollution on fish health status. Histopathological changes in liver, which may affect fish health, were reported in the exposed groups compared to control groups. Prevalence and relative risks for most toxipathic lesions were significantly higher in treated fish compared with the control groups. In our study, the histopathological changes in fish exposed to dispersed oil were generally slightly more severe than changes found in WAFexposed fish. Fish exposed to dispersant alone showed less significant histopathological changes for most observed lesions. Each liver alteration possesses distinctive histological features and affects specific areas of tissue related to function and might affect fish health. The importance factor given to each alteration reflects the ability of the alteration to be reversible following removal of the stressor (Bernet et al. 1999) . The circulatory alterations such as altered blood flow are easily reversible and do not alter the normal functioning of the tissue. The degenerative alterations (general necrosis) are given the highest importance factor because they are considered a direct effect of toxicants, they are generally irreversible, and their persistence or progression may lead to a partial or total loss of organ function. Most proliferative alterations may not be reversible, depending on the severity and extent of the alteration.
The circulatory disturbance alterations in the livers observed in this study were sinusoid dilation and blood congestion. Similar histological lesions have been reported in fish from contaminated sites and were considered indicative of the impact of the oil on the health of these fish Marty et al. 2003) .
Major degenerative changes included necrosis, lipid accumulation, nuclear degeneration, bile stagnation, cholangitis, megalocytosis, and spongiosis hepatis. The separation between adjacent hepatocytes observed in the livers of treated fish in this study is probably related to cell necrosis and indicates the degeneration of structural proteins in the hepatocyte membrane, which commonly maintain the hepatic parenchyma as a compact homogeneous tissue. This separation was more severe in the case of the fish treated with the dispersed oil, in which the liver parenchyma architecture was distorted. Similar observations were reported by Pacheco and Santos (2002) . The sinusoidal connective tissue in S. canaliculatus liver exposed to WAF or dispersed oil in the present study was described by Marty et al. (2003) as a common sequela to necrosis in rockfish, but post-necrotic fibrosis is usually irregular and disrupts the normal architecture.
Microvesicular lipid vacuolation was observed after 9 days of exposure to the WAF. Small lipid droplets were also observed that likely represent coalescence of the microvesicular lipid vacuoles, which further coalesced for 12 days to produce larger lipid droplets. The lipid accumulation increased with exposure time and concentrations. Lipid infiltration involving the formation of lipid-engorged cytoplasmic vacuoles in hepatocytes is a common response to chemical exposure in fish (Metcalfe 1998; Marty et al. 2003) . Several laboratory studies have documented increased hepatic lipids after oil exposure, whereas other studies have shown decreased hepatocellular lipids after oil exposure (Metcalfe 1998; Marty et al 2003; Wolf and Wolfe 2005) .
The hepatocyte necrosis and nuclear pyknosis and karyorrhexis detected in our liver examination were generally found in all treatment groups. Several investigators have previously related this cellular deterioration to dispersed oil exposure (Santos, Pires, and Hall 1990; Axelsson and Norrgren 1991) . In the present study, necrosis was of the coagulative type. Necrosis in treated fish usually implies regional vascular impairment (Boorman et al. 1997; Metcalfe 1998) .
Megalocytosis and nuclear pleomorphism were prominent features in the livers of treated fish in the present study. However, these lesions were less obvious in the livers treated with the dispersant compared with WAF or dispersed oil. Megalocytosis has been reported in fish collected from contaminated sites (Myers et al. 1993) and was produced in laboratory experiments as a result of exposure to chemicals Kent et al. 1988) .
Spongiosis hepatis, consisting of spaces filled with pale eosinophilic material as observed in the present study, has been reported in fish exposed to chemicals in the laboratory and fish from contaminated regions (Lauren, Teh, and Hinton 1990; Couch 1991; Balch et al. 1995) . These lesions may co-occur with hepatic neoplasms in wild fish (Metcalfe 1998 ) and provide an excellent example of histopathological biomarker for contaminant exposure (Hinton et al. 1992) . Spongiosis hepatis has been reported as significant risk factors for prevalence of neoplastic lesions in different fish species and were significantly associated with increased risk of the most common lesion category (nuclear pleomorphism/megalocytic hepatosis) and the inclusive early lesion category (reviewed in Boorman et al. 1997; Myers et al. 1998; Hinton et al. 2008) .
Biliary stagnation observed in the liver of fish exposed to WAF or dispersed oil corresponds to an accumulation of bile inside hepatocytes, evidenced by the appearance of yellow cytoplasmic granules as reported by Pacheco and Santos (2002) and Fanta et al. (2003) .
Cholangitis, the necrosis, and vacuolation of bile ductile cells have been reported in several flatfish species to be associated with exposure to hydrocarbons, and the utility of this phenotype as a histological biomarker for xenobiotic exposure is well established (Vethaak and Wester 1996; Moore, Smolowitz, and Stegeman 1997; Stehr, Johnson, and Myers 1998) .
Proliferative features of the exposed rabbit fish livers in the present study included cholangiofibrosis and bile duct proliferation. Proliferation of bile ducts (ductal hyperplasia) has been observed in the livers of fish from contaminated regions (Balch et al. 1995; Murchelano and Wolke 1991) . Cholangiofibrosis in fish can have inflammatory or toxic causes, or it can be idiosyncratic (Boorman et al. 1997) .
Among the components of the Arabian light crude oil are the aliphatic and aromatic hydrocarbons (Crescent Petroleum Company). The aliphatic compounds are relatively water soluble (Cohen et al. 2001) , whereas the higher molecular weight aromatic compounds are not as water soluble and are therefore normally present at very low concentrations in the WAF. The dispersant is hydrocarbon based, which allows for greater concentrations of the crude oil components to enter the water column. The dispersant used was Nalfleet Oil Spill Dispersant (Maxi-Clean 2); these products are listed on EPA's National Contingency Plan product schedule.
It was observed in this study that exposure of adult rabbit fish livers to the dispersed oil has slightly more toxic effect than that of the crude oil or the dispersant, as has also been observed in the juvenile rabbit fish liver (Agamy 2012) . These findings are in agreement to those of other studies, where the toxicity of oils generally increased with the application of dispersants (Cohen and Nugegoda 2000; Ramachandran et al. 2004; Jung et al. 2009; Lin et al. 2009; Milinkovitcha et al. 2011) . However, other studies have found crude oil to be six or seven times as toxic as the dispersed oil WAF (Cohen and Nugegoda 2000) . Fucik, Carr, and Balcom. (1995) found that the levels of toxicity to various marine organisms were not greater for dispersed oil than for the WAF, even though the hydrocarbon concentrations were increased by the addition of the dispersants. Increased toxic effects from dispersed oil may be dependent on the particular toxicity endpoint, the exposure duration, and the species used for the bioassay (Singer et al. 1998 ). The interacting toxic effects of oil and dispersant probably reflect the ability of the dispersant to cause volatile liquid hydrocarbons to become incorporated into the water column. These volatile liquid hydrocarbons are readily transferred through biological membranes (McDonald, Brooks, and Kennicutt 1984) .
The toxicity of petroleum hydrocarbons and dispersants can differ markedly between species and phyla and fish developmental stage, which could account for the differences in toxicity observed for the dispersed WAF in different studies (George-Ares and Clark 2000). Baca et al. (2005) showed that applying dispersant increases the exposure to total polyaromatic hydrocarbons for pelagic organisms living in the water column, but it decreases the exposure to polyaromatic hydrocarbons for benthic organisms. Embryo-larval and early juvenile life stages are generally most sensitive to chemicals (George-Ares and Clark 2000). The liver of juvenile rabbit fish has been reported to be more sensitive to oil and dispersed oil (Agamy 2012 ) than that of adult rabbit fish reported in the present study. Therefore, the organisms present at the site of the spill and their developmental stage need to be considered before remedial action can be taken. 1138 AGAMY TOXICOLOGIC PATHOLOGY
CONCLUSION
In conclusion, the overall pattern of the liver histopathological index, as summarized in Tables 2 and 3, suggested that dispersed oil is slightly more toxic to the rabbit fish liver than WAF of crude oil or dispersant. The dispersant used was less toxic to the liver compared to WAF and dispersed oil. Exposure period did influence the degree of histological change in most lesions. Most histopathological changes became more conspicuous after the 12-and 15-day exposure, suggesting a short-term histological response. Fish exposed over 21 days showed adaptive or regenerative responses. Therefore, using oil spill remediation techniques, which employ oil dispersion, may not be more significantly toxic to this species. Sublethal histopathological changes to liver were found to be useful in gaining a better understanding of a species' response to crude oil contamination and the associated oil spill remediation technique. The liver of adult rabbit fish, in the present study, is less sensitive to oil and dispersed oil exposure than juvenile rabbit fish under similar conditions as reported by Agamy (2012) .
